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Using the pre-LHC and LHC data for pip and pp diffractive collisions we study the ultrahigh
energy asymptotic regime in the framework of the black disk picture. The black disk picture, being
constrained by the s-channel unitarity condition and the t-channel analyticity, gives rather definite
predictions for diffractive processes increasing with the energy. To deal with the data, we consider
the Dakhno-Nikonov eikonal model which predicts a growth of the ln2 s type for total and elastic
cross sections and (τ = q2⊥ ln
2 s)-scaling for diffractive scattering and diffractive dissociation of
hadrons. According to the calculations, ultrahigh energy asymptotic characteristics of diffractive
and total cross sections are universal, and this results in the asymptotic equality of cross sections
for all types of hadrons. We estimate the energy scale of the asymptotics in different processes. The
manifestation of the asymptotic regime in hadron fragmentation reactions is discussed.
PACS numbers: 13.85.-t, 13.75.Cs, 14.20.Dh
I. INTRODUCTION
Experimental data for diffractive high energy collisions
[1–3] definitely tell us that only at
√
s ∼ 7 TeV we ap-
proach the energy region which can be called an asymp-
totic one. These are energies at which a picture of the
black disk appears in the impact parameter space b, see
[4–6]. Actually, it is a black spot at |b| ≃ 0; accord-
ing to estimations only at
√
s ∼ 100 TeV can one ob-
serve a shaped disk [6]. The problem we discuss here
concerns possible predictions in the asymptotic energy
region
√
s >∼ 100 TeV and the range of accuracy of the
predictions.
The observed growth of total cross sections at pre-LHC
energies [1] prompts investigations of models such as with
a maximal increase allowed by the Froissart bound [7] or
with power-s behaviour [8, 9]. Taking into account the s-
channel unitarization of the scattering amplitude leads to
damping of power-s growth to the (ln2 s)-type, see [10–
12]. Still, let us emphasize that exceeding the Froissart
bound does not violate the general constraints for the
scattering amplitude [13]. Presently the problem of uni-
tarization of high energy amplitudes which correspond
to increasing diffractive cross sections is a subject of in-
tensive studies, see, for example, [14–17] and references
therein.
A model for high-energy pip and p±p collisions was
suggested by Dakhno and Nikonov [18] and successfully
used for the description of the diffractive pre-LHC data,√
s ∼ 0.2 − 1.8 TeV. The model takes into account the
quark structure of colliding hadrons, the gluon origin of
the input pomeron and the colour screening effects in col-
lisions. The model can be considered as a realization of
the Good-Walker eikonal approach [19] for a continuous
set of channels.
In the paper [6] the diffractive pp-scattering was con-
sidered in terms of the Dakhno-Nikonov model, concen-
trating the attention on the ultra-high energy behaviour.
The pp data were re-fitted taking into account new re-
sults in the TeV-region [2, 3]. The region 5-50 TeV turns
out to be the one where the asymptotic behaviour starts;
the asymptotic regime should reveal itself definitely at
102 − 104 TeV.
For the ultra-high energy limit the Dakhno-Nikonov
model predicts for total and elastic hadron-hadron cross
sections a (ln2 s)-growth: σtot ∼ ln2 s, σel ∼ ln2 s and
[σel/σtot]ln s→∞ → 1/2. The high energy cross sections
(σel, σtot) approach their asymptotic values from bot-
tom to top: σtot(s)/σ
(asym)
tot (s) < 1; this gives the il-
lusion of exceeding the Froissart bound (see, for exam-
ple, discussion in [20, 21]). Further, the model predicts
that differential elastic cross sections depend asymp-
totically on transverse momenta with a relation for τ -
scaling: dσel(τ)/dτ = D(τ) with
∫∞
0
dτD(τ) = σel(s)
and τ = q2⊥σtot ∝ q2⊥ ln2 s .
The model points to the universal behaviour of all total
(and elastic) cross sections. It is the consequence of the
universality of colliding disk structure (or the structure of
parton clouds) at ultrahigh energy. But the question is at
what energy range the asymptotic regimes are switched
on for different processes; we have calculated here σtot,
σel, σinel for pp, pip and pipi collisions.
Further, we consider diffractive dissociation processes.
We demonstrate that these processes are increasing at
asymptotic energies (σD ∝ ln s, σDD ∝ ln s) but
their relative contribution tends to zero (σD/σtot → 0,
2σDD/σtot → 0).
II. DIFFRACTIVE SCATTERING CROSS
SECTIONS
The model is based on the hypothesis of gluonic ori-
gin of t-channel forces, and these gluons form pomerons.
Hadrons, mesons (two-quark composite systems) and
baryons (three-quark composite systems) scatter on the
pomeron cloud. It is supposed that the pomeron cloud
behaves as a low-density gas, and pomeron-pomeron in-
teractions, as well as t-channel transitions of the type
P → PP , P → PPP and so on, can be neglected (for
details see [18]).
The pomerons are formed by effective gluons (G) which
are massive, ∼ 700 − 1000 MeV [22, 23]. The pomeron
parameter α′P is small α
′
P ≃ (0.10− 0.25) GeV−2, which
means that pomerons are relatively heavy and hard [24].
The gluon structure of the pomeron provides colour
screening effects for hadron quarks [25].
A. Formulae of the eikonal approach
Below we present formulae of the Dakhno-Nikonov
model for the eikonal cross sections and then briefly dis-
cuss the used parametrization.
The total and elastic cross sections are:
σtot(AB) = 2
∫
d2b
∫
dr′ϕ2A(r
′)dr′′ϕ2B(r
′′)
[
1− exp (−1
2
χAB(r
′, r′′,b))
]
,
σel(AB) =
∫
d2b
(∫
dr′ϕ2A(r
′)dr′′ϕ2B(r
′′)
[
1− exp (−1
2
χAB(r
′, r′′,b))
])2
. (1)
Here drϕ2A(r), drϕ
2
B(r) are the quark densities of collid-
ing hadrons:
drϕ2p(r) = d
2r1d
2r2d
2r3δ
(2)(r1 + r2 + r3)ϕ
2
p(r1, r2, r3),
drϕ2pi(r) = d
2r1d
2r2δ
(2)(r1 + r2)ϕ
2
pi(r1, r2), (2)
where ra are the transverse coordinates of quarks, and
ϕ2A, ϕ
2
B are given by quark wave functions squared in-
tegrated over longitudinal variables. Proton and pion
quark densities are determined using the corresponding
form factors; such an estimation can be found, for exam-
ple, in [26].
The profile-function χAB describes the interaction of
quarks via pomeron exchange as follows:
χAB(r
′, r′′,b) =
∫
d2b′d2b′′δ(2)(b− b′ + b′′)
× SA(r′,b′)SB(r′′,b′′),
Spi(r,b) = ρ(b− r1) + ρ(b− r2)
− 2ρ(b− r1 + r2
2
) exp(− (r1 − r2)
2
4r2cs
),
Sp(r,b) =
∑
i=1,2,3
ρ(b− ri)
−
∑
i6=k
ρ(b− ri + rk
2
) exp(− (ri − rk)
2
4r2cs
).
(3)
The term ρ(b − ri) describes the diagram where the
pomeron is connected to one of the hadron quarks while
the terms proportional to exp(−r2ij/r2cs) are related to the
diagram where the pomeron is connected to two quarks
of the hadron. Such a diagram is a three-reggeon graph
GGP where G is the reggeized gluon. Functions Spi and
Sp tend to zero as |rij | → 0: this is the colour screening
phenomenon inherent to the gluonic pomeron. For the
sake of convenience one can perform calculations in the
centre-of-mass system of the colliding quarks, supposing
that the hadron momentum is shared equally between its
quarks. Then
ρ(b) =
g
4pi(G+ 12α
′
P ln
s
s0
)
exp
[
− b
2
4(G+ 12α
′
P ln
s
s0
)
]
,
g2 = g20 + g
2
1
(
sqq
s0
)∆
(4)
with the energy squared of the colliding quarks sqq and
s0 = 1 GeV
2. The parametrization of g2 corresponds to
the two-pole form of the QCD-motivated pomeron with
intercepts α(0) = 1 and α(0) = 1 +∆.
As it was mentioned, the Dakhno-Nikonov model is ac-
tually a realization of the Good-Walker eikonal approach
[19] for a continuous set of channels: each quark configu-
ration with fixed coordinates is a separate channel. The
two-pole pomeron exchange is popular from the sixties
till now, see for example ref. [27].
B. Inelastic diffractive cross sections
The diffractive cross section for the two-particle reac-
tion A1B1 → A2B2 in the Dakhno-Nikonov eikonal ap-
3proach reads:
(2pi)2
d2σel
d2q⊥
(A1B1 → A2B2) =
∫
d2b eiq⊥b
∫
d2b˜ e−iq⊥b˜
×
∫
dr′dr′′ϕA1(r
′)ϕB1(r
′′)
[
1− exp (−1
2
χAB(r
′, r′′,b))
]
ϕA2(r
′)ϕB2(r
′′)
×
∫
dr˜′dr˜′′ϕA1(r˜
′)ϕB1(r˜
′′)
[
1− exp (−1
2
χAB(r˜
′, r˜′′, b˜))
]
ϕA2(r˜
′)ϕB2(r˜
′′) . (5)
As a consequence of the universality of ρ(r), the block[
1− exp (− 12χAB(r′, r′′,b))
]
which is responsible for the
interaction is universal and depends only on the type
of colliding hadrons, mesons or baryons. This leads to
the universal behaviour of cross sections at ultrahigh en-
ergies. The universality appears at energies when the
essential values of |b| are much larger than the average
interquark distances, |b| >> r; in this region the integra-
tions over impact parameters and interquark distances
are in fact separated.
A hadron in diffractive collision (to be definite, let it be
A1) can produce a set of similar states: these are tran-
sitions A1 → A1, A2, A3, . . .. If the produced hadrons
belong to a complete set of states,
∑
nAn〉〈A+n = I, the
sum of such processes gives a cross section AB → XA+B
which includes elastic and diffraction dissociation pro-
cesses XA = A + XDA. This sum of cross sections is
equal to:
(2pi)2
dσX(A)
d2q⊥
(AB → XA +B) =
∫
d2b
∫
d2b˜ eiq⊥b e−iq⊥b˜
∫
dr′dr′′dr˜′′ϕ2A(r
′)ϕ2B(r
′′)ϕ2B(r˜
′′)
×
[
1− exp (−1
2
χAB(r
′, r′′,b))
] [
1− exp (−1
2
χAB(r
′, r˜′′, b˜))
]
. (6)
The cross section integrated over momenta transfer reads
σX(A)(AB → XA +B) =
∫
d2b
∫
dr′dr′′dr˜′′ϕ2A(r
′)ϕ2B(r
′′)ϕ2B(r˜
′′)
×
[
1− exp (−1
2
χAB(r
′, r′′,b))
] [
1− exp (−1
2
χAB(r
′, r˜′′,b))
]
. (7)
Let us recall that Eq. (7) gives us a sum of elastic and diffraction dissociation cross sections σX(A)(AB → XA+B) =
σel(AB) + σD(A)(AB). The sum of elastic and quasi-elastic cross sections σX(A)X(B)(AB → XA+XB) is determined
by the relation:
σX(A)X(B)(AB → XA +XB) = σel(AB) + σD(A)(AB) + σD(B)(AB) + σD(A)D(B)(AB) =
=
∫
d2b
∫
dr′dr′′ϕ2A(r
′)ϕ2B(r
′′)
[
1− exp (−1
2
χAB(r
′, r′′,b))
]2
. (8)
At ln s → ∞ this value tends to 12σtot from bottom
to top [28]: [σel(AB) + σD(A)(AB) + σD(B)(AB) +
σD(A)D(B)(AB)]ln s→∞ → 12σtot, approaching the asymp-
totic regime for σX(A)X(B)(AB → XA + XB) is
as quick as for σtot(AB). Besides it means that
at ln s → ∞ one has [σD(A)(AB) + σD(B)(AB) +
σD(A)D(B)(AB)]/σtot(DD)→ 0.
But the experimental specification of the diffraction
dissociation cross sections involved in Eq. (8) faces the
problem of separation from events determined by the in-
ner structure of the colliding disk, for example, that due
to the three-pomeron diagram processes.
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FIG. 1: a) Profile functions T (b) determined in Eq. (10)
at a set of energies
√
s = 1, 10, 100, ..., 107 TeV; b) The
profile function growth factor determined as δT (b,
√
s) =
[T (b, 10
√
s)− T (b,√s)] for √s = 1, 10, 100, ...106 TeV.
III. BLACK DISK PICTURE AND
PREDICTIONS FOR THE ULTRAHIGH
ENERGY REGION,
√
s > 102 TEV
The predictions we give are definitely related to the
picture of the black disk. The freedom of predictions is
connected to the rate of the black disk radius growth and
the detailed structure of the black disk boundary. Just
to fix this freedom we use the Dakhno-Nikonov model
considering it as reasonably realistic. The parameters
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FIG. 2: Total and elastic cross section data [1–3] versus fit
curves for (a) σtot(pp)/ ln
2 s and (b) σel(pp)/ ln
2 s, where
√
s
in GeV units, in the Dakhno-Nikonov model for the energy
region
√
s > 1 TeV. The straight line is the asymptotic limit
for the elastic cross section: σel(s) = σ
(asym)
tot /2.
are
parameters ref. [6]
∆ 0.273
g20 [mb] 8.106
g21 [mb/GeV
2∆] 0.379
α′P [(GeV/c)
−2] 0.129
G [(GeV/c)−2] -0.365
r2cs [(GeV/c)
−2] 0.670
(9)
The profile function T (b), calculated using the param-
eters of Eq. (9), predicts the black disk regime at
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FIG. 3: Proton-proton collisions: a) the ratio
σtot(pp)/σel(pp) → 2 and b) its difference, σinel(pp) =
σtot(pp)− σel(pp) ∝ ln2 s; data from refs. [2, 3].
√
s >∼ 102 TeV. The profile function is determined as
follows:
σtot = 2
∫
d2b T (b) = 2
∫
d2b
[
1− e− 12χ(b)
]
,
4pi
dσel
dq2⊥
= A2(q2⊥),
A(q⊥) =
∫
d2beibq⊥T (b). (10)
This is shown in Fig. 1a for pre-LHC, LHC and ultrahigh
energies. The profile functions T (b) are not saturated at√
s ∼ 0.5− 2.0 TeV being T (b) < 1. According to the fit,
a black spot (T (b) ≃ 1 at b < 2GeV−1 ≃ 0.4fm) appears
at
√
s ∼ 50 − 100 TeV; this phenomenon indicates the
start of the black disk regime. At ln s >> 1, when the
asymptotic regime works, there are two clear regions in
the b-space (Fig. 1a): with T (b) ≃ 1 (black disk area)
and T (b) ≃ 0 (transparent area). Conventionally we de-
termine these areas by the constraints
b2 < 4∆α′P ln
2 s
s−
, with T (b) > 0.97,
b2 > 4∆α′P ln
2 s
s+
, with T (b) < 0.03 , (11)
giving the black disk radius:
Rblack = 2
√
∆α′P ln
s
sR
,
√
sR ≃ 80GeV . (12)
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FIG. 4: a) Differential cross sections dσel/dτ , where τ =
σtotq
2
⊥, at
√
s = 0.546, 1.8, 7.0 TeV and their descriptions in
the Dakhno-Nikonov model; b) Calculated differential cross
sections 1/σtot× dσel/dτ at
√
s = 1, 10, 100, 1000, ...106 TeV
and their approach to the τ -scaling limit.
The black disk radius depends on parameters of the
leading pomeron only, (factor
√
∆α′P ), which results in
Gribov’s universality of hadronic total cross sections at
asymptotic energies [29].
The growth of the profile function, δT (b,
√
s) ≡
[T (b, 10
√
s) − T (b,√s)], is demonstrated in Fig. 1b.
Steady values of areas under δT (b,
√
s) tell us that
the ratio of contributions of the border region to that
of the internal disk region is decreasing with energy
σborderinel /σ
intern
inel → 1/ ln s . It is revealed as a basis for
the black disk description of asymptotic cross sections.
6In Fig. 2 we show total and elastic cross sections in the√
s ∼ 1 − 100 TeV region [1–3] and their description in
the fit of ref. [6]. An extension of the fitting curves into
the
√
s > 100 TeV region tells us that we have a relatively
fast approach to the asymptotic behaviour for σtot/ ln
2 s;
the approach of σel/ ln
2 s to the asymptotic value is slow.
A slow switching on of asymptotics is definitely seen in
the ratio σtot(pp)/σel(pp), Fig. 3a. The inelastic cross
section σinel(pp) = σtot(pp) − σel(pp) ∝ ln2 s is demon-
strated in Fig. 3b.
In Fig. 4a we show dσel/dτ (let us recall that τ =
σtotq
2
⊥) at ISR and LHC energies; the approach of
1/σtot × dσel/dτ to the τ -scaling limit is demonstrated
in Fig. 4b .
In Fig. 5a we show the ratio
σX(p)X(p)(pp)− σel(pp)
σtot(pp)
=
2σD(p)(pp) + σD(p)D(p)(pp)
σtot(pp)
,
(13)
see Eq. (8). It tends to zero at ln s → ∞, this fact is
in complete agreement with σtot/σel → 2. In Fig. 5b we
show the sum 2σD(p)(pp) + σD(p)D(p)(pp), it increases as
σX(p)X(p)(pp)− σel(pp) ≃ 0.58 ln
s
sXXel
mb,
sXXel ≃ 1.22GeV2. (14)
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FIG. 5: a) The ratio given in Eq. (13) and b) the difference
σX(p)X(p)(pp)− σel(pp) = 2σD(p)(pp) + σD(p)D(p)(pp) ∝ ln s.
The ratio ReAel/ImAel at q
2
⊥ ≃ 0 at asymptotic en-
ergies is determined by the analyticity of the scattering
amplitude:
Ael ∝ i[ln2(s/s0) + ln2(−s/s0)], ReAel
ImAel
≃ pi
ln(s/s0)
(15)
This estimation gives us ReAel/ImAel = 0.18± 0.04 for
the
√
s >∼ 100 TeV region, being in qualitative agreement
with the 7-TeV data: ReAel/ImAel = 0.14
+0.01
−0.08 [2] .
The extension of the results on pip collisions does not
cause problems in the Dakhno-Nikonov model since for
that the addition of the pion quark distribution is needed
only. The distribution of quarks in a pion is known (see,
for example, ref. [26]) and this allows to give predictions.
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FIG. 6: a) Ratio of proton-proton and pion-proton total
cross sections, σtot(pp)/σtot(pip) → 1, and b) its difference
σtot(pp)− σtot(pip) ∝ ln s.
The ratio σtot(pp)/σtot(pip) is shown in Fig. 6a; it
asymptotically tends to 1. The difference of proton-
proton and pion-proton total cross sections increases with
energy and can be described at
√
s >∼ 106 GeV as
σtot(pp)− σtot(pip) ≃ 1.91 ln s
spppip
mb, spppip ≃ 6.25GeV2.
(16)
The universality of the total cross sections means the
equality of the leading terms (∝ ln2 s) only, and it is
demonstrated in Fig. 7a where σtot(pp), σtot(pip) and
σtot(pipi) are shown. For comparison we show the ap-
proach to the asymptotic limit of diffractive cross sections
in pp collisions, Fig. 7b : the Miettinen-Pumplin limit
value 12σtot(pp), elastic plus single diffraction dissociation
processes σel(pp) + 2σD(p)(pp) and σel(pp). Here we def-
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FIG. 7: a) Total cross sections: σtot(pp) (solid line), σtot(pip)
(dashed line) and σtot(pipi) (dotted line). Squares (pp) are
from [2], circles (pip) are from [30], triangles (pipi) are from [31].
b) Proton-proton collisions: 1
2
σtot(pp) (solid line), σel(pp) +
2σD(p)(pp) (dotted line) and σel(pp) (dashed line). Data [1–3]
stand for 1
2
σtot(pp) and σel(pp).
initely see a more rapid switching on of the asymptotic
regime.
We perform the unitarization of the scattering ampli-
tude supposing it originates from conventional pomerons,
though other types of input pomerons are possible as well
as non-pomeron short-range contributions (for example,
see [32–35]). But here we concentrate our attention on
peripheral interactions and their transformation with en-
ergy growth. Small deviations of the fitting curves from
data can be easily improved using some kind of short-
range contributions.
IV. CONCLUSION
In ref. [6] the description of diffractive pp collisions
was performed in terms of the Dakhno-Nikonov model
for pre-LHC and LHC energies: with parameters found
in [6] we study here the ultrahigh energy region where
the asymptotic regime works.
The twofold structure of hadrons – hadrons are built
from constituent quarks; the latter are formed by clouds
of partons which manifest itself in high energy hadron
collisions. At moderately high energies colliding protons
reveal themselves in impact parameter space as three
disks corresponding to three constituent quarks. At ul-
trahigh energies the situation is transformed to a one-disk
picture, and the energy of this transformation is that of
LHC. The radius of the black disk at asymptotic energies
increases as ln s, hence providing a ln2 s growth of σtot,
σel with σel/σtot → 1/2 and a τ -scaling for diffractive
cross sections.
The calculations we have carried out demonstrate a
comparatively fast approach of σtot(s) to asymptotic be-
haviour (Fig. 2a), in contrast to σel(s) (Fig. 2b). It also
means a slow approach of σinel(s) = σtot(s) − σel(s) to
the asymptotic behaviour.
A good level of description of the diffractive pp scat-
tering is demonstrated on Fig. 4. It is seen that the
τ -scaling for 1/σtot × dσel/dτ is at work within 10% ac-
curacy at
√
s >∼ 100 TeV (the upper curves in Fig. 4b).
The change of the regime, from the constituent quark
collision picture to that with a united single disk, was
discussed [36–38] when definite indications about hadron
cross section growth appeared. It is emphasized that
the single black disk regime should change probabilities
of productions of hadrons in the fragmentation region
(hadrons with x = p/pin ∼ 1); for a more detailed discus-
sion of the scaling violation in the hadron fragmentation
region see [39].
Diffractive dissociation processes are increasing at
asymptotic energies. For pp collisions the relative weights
of quasi-elastic cross sections are vanishing with the
energy growth, σD(p)(pp → pX)/σtot(pp) → 0 and
σD(p)D(p)(pp → XX)/σtot(pp) → 0, while the cross
sections increases, 2σD(p)(pp → pX) + σD(p)D(p)(pp →
XX) ≃ 0.58 ln s/sXXel mb. It means we can esti-
mate diffractive production cross section of N 1
2
+(1440)
as
(
1
2 ÷ 110
)
0.58 ln s/sXXel mb.
A steady increase of the black disk radius Rblack ∝√
∆α′P ln s, is determined by parameters of the leading t-
channel singularity: the pomeron intercept α(0) = 1+∆
(∆ > 0) and the pomeron trajectory slope α′P . The s-
channel unitarization of the scattering amplitude damps
the strong pomeron pole singularity, transforming it into
a multipomeron one. Therefore, we face an intersection of
problems of the gluon content of t-channel states at ultra-
high energies and the physics of gluonic states, glueballs.
8At present the glueball states are subjects of discussions,
see, for example [40–42] and references therein. Stud-
ies of phenomenons related to glueballs and multigluon
states at small |t| (or, at small masses) are enlighten-
ing for the confinement singularity - see discussion in ref.
[43]. The large value of mass of the soft effective gluon
(and the corresponding value the low-lying glueballs) and
the slow rate of the black disk increase appear to be re-
lated phenomena.
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